Our results indicate an excellent agreement between DBS and serum 17-OHP measurements to identify the peaks and troughs associated with an individual's circadian pattern. Larger-scale studies are required to evaluate the utility of DBS for home monitoring and to determine if more frequent monitoring leads to improved clinical outcomes.
corticoids have on growth, explaining why some 'wellcontrolled' CAH patients may experience early puberty, compromised final height, polycystic ovarian disease, and male infertility [4, 5] .
17 ␣ -hydroxyprogesterone (17-OHP), androstenedione (D4A) and/or testosterone are precursors used to assess adrenal control, and they are typically measured in childhood every 3-6 months during a clinic visit; renin and electrolytes are additionally monitored in patients with the salt-wasting (SW)-CAH variant. However, a single serum measurement has been shown to be of limited use in assessing the true metabolic status of a CAH patient between follow-up appointments [6, 7] because it does not indicate the patient's individual circadian pattern of adrenal cortisol secretion over the course of the day. More frequent monitoring, including multiple measurements within a 24-hour period, so that that treatment can be adjusted more closely to a patient's circadian rhythm of adrenal secretion, may improve long-term outcomes. Other methods of monitoring, 24-hour urinary 17-ketosteroids for example, have fallen out of favor because of the difficulty in collecting 24-hour urine in infants and children every 3-4 months and may require bladder catheterization to perform. In addition, it has been established that serum 17-OHP levels above 10 ng/ ml consistently correlate with abnormal levels of urinary 17-ketosteroids and adrenal androgens [8] .
Immunoassay measurements of 17-OHP in dried blood spots (DBS) on filter paper obtained from a skin prick is currently used by newborn screening programs throughout the USA and Europe. More recently, improved methods making use of liquid chromatography tandem mass spectrometry (LC-MS/MS) have become available; they allow measurement of 17-OHP and additional steroids in DBS and are used for 2nd-tier newborn screening [9] [10] [11] . Because of the minimal volume of blood needed and the ease of obtaining and shipping (at ambient temperature) the samples, it may be feasible to better tailor cortisol replacement therapy of CAH patients by regular measurement of adrenal steroids in capillary blood collected at home via skin prick. Our study examines whether there is sufficient agreement between multiple measurements of adrenal steroid concentrations (17-OHP and D4A) in DBS and serum collected simultaneously over a 24-hour period, and if corresponding clinical decisions would differ between the two methods.
Materials and Methods

Subjects and Research Design
A group of 9 patients (4 females and 5 males) with CAH due to 21-OHD as confirmed by biochemical and genetic analyses were admitted to the General Clinical Research Center at the University of Minnesota Medical Center for 24 h. Six patients had SW-CAH, one had simple-virilizing (SV)-CAH and 2 patients had nonclassical (NC)-CAH. The age range of the patients was 3.3-43 years (mean: 9.36 years). Six out of 9 patients were prepubertal, one was in puberty (Tanner stage 3-4 for pubic hair and testicular volume), one had his puberty suppressed by monthly injections of leuprolide (Lupron) and one was an adult female. Patients with SW-CAH, SV-CAH and one with NC-CAH were treated with hydrocortisone (Cortef) at a dose of 6-15 mg/m 2 /day ( table 1 ). Six patients were receiving hydrocortisone twice a day and 2 patients three times a day. All 6 patients with SW-CAH were on 0.1 mg of fludrocortisone once daily. The adult female patient with NC-CAH was not taking any medications.
The study was conducted under a protocol approved by the Institutional Review Board of the University of Minnesota Medi- cal School, and informed consent was obtained from the patients and parents/guardians. Subjects used their own medications and followed their normal schedule with the exception of the first morning dose which was held until 8 a.m. blood samples were obtained. The following morning's dose of medications was also withheld until the last blood sample was drawn. Every 4 h for 24 h, blood samples were taken, 2 ml for serum and approximately 100 l to prepare DBS by spotting whole blood on filter paper (Whatman Protein Saver 903). The accuracy of measurements of 17-OHP and D4A concentrations in DBS was determined by comparisons to concentrations of the same analytes in the corresponding serum samples.
Hormone Assays
Serum steroids were determined using methods applied in the authors' clinical laboratory. Briefly, deuterated stable isotope internal standards were added to 100 l serum. Each sample was then exposed to solid phase extraction on Strata X 30-mg cartridges, and eluted with methanol. Extracts were then dried under a nitrogen stream, reconstituted to 100 l in mobile phase and analyzed by LC-MS/MS using multiple reaction monitoring in electrospray ionization mode [12] . Analysis of DBS was performed as previously described [9, 13] with modifications to include quantification of the same steroids as in serum following extraction by turbulent flow chromatography using isotopically labeled internal standards [14] .
Statistical Analysis
The distributions of the hormone concentrations were substantially skewed toward higher values, but they approached normality by transforming observed values to logarithms (base 10). Geometric means, standard errors and differences between serum and filter-paper hormone concentrations were obtained using general linear models, nesting the multiple measures throughout the day within each subject by using the subject as a random effect. This approach accounted for the lack of independence of hormone concentrations within each subject. Paired t tests were calculated using the transformed variables to satisfy the assumptions of normality. Estimates of the means and differences were then back-transformed into the original scale (ng/ml). Intraclass correlation coefficients estimating the proportion of variation in the serum estimates accounted for by the estimates from DBS were calculated using two-way random effects models. In this situation, intraclass correlations are used because they account for both random and systematic errors.
To determine if clinical decisions based on the adrenal steroid concentrations from DBS might differ from corresponding decisions from serum assays taken at the same times, the agreement between the two approaches was tabulated with respect to cutoffs designating meaningful categories of the respective hormone levels. For 17-OHP, the categories (ng/ml) were: ! 10; 10.0-19.99; 20.0-34.99; 6 35. For D4A, categories were assigned for low, normal, and high based on gender and Tanner stage of individual subjects, according to established reference ranges [15] listed in the legend of table 2 . Kappa coefficients expressing chance-adjusted agreement were calculated for each time sample. In cases where there were empty cells in the cross-tabulations, kappa was approximated by the value of the corresponding Spearman rank correlation squared. Table 3 shows that DBS determinations of 17-OHP overestimated corresponding levels measured in serum by a mean of 1.67 ng/ml, and DBS assays of D4A underestimated serum assessments by a mean of 0.84 ng/ml. Both of the mean differences are statistically significant (p ! 0.05). The intraclass correlations between the methods are moderately high relative to the ideal of 1.0, with that for 17-OHP (0.884) being greater than that for D4A (0.724). Inspection of the data patterns indicated that the differences between DBS and serum determinations were largest at the highest serum concentrations, especially for D4A (data not shown).
Results
Accordingly, it is clinically important to ask if the observed average biases with DBS would yield different clinical conclusions in identifying meaningful categories of adrenal steroid concentrations compared with serum determinations over a 24-hour period. Table 2 presents the correspondence counts and kappa coefficients of chance-adjusted agreement relative to identifying cate- gories of 17-OHP and D4A by time of blood collection. Even though DBS measurements tend to overestimate actual 17-OHP concentrations, DBS results, in this limited study, were in excellent agreement with serum results using the specified categories, with a total absolute agreement of 97%. DBS assessments of D4A did considerably worse in correctly identifying low, normal and elevated levels, with the total absolute agreement being only 59%.
Discussion
Successful treatment of patients with CAH 21-OHD, especially of growing children, requires a fine balance between achieving androgen suppression without exposing the patient to glucocorticoid excess. Although several dosage schedules of hydrocortisone preparations have been recommended to attain this balance, dosage and scheduling regimens are difficult to optimize among patients due to varying medication clearance and the peaks and troughs of adrenal steroid secretion during the day. Healthy individuals with normal sleep patterns have a distinct circadian rhythm which consists of: (1) undetectable cortisol and ACTH levels at midnight; (2) a sharp rise during the last hours of sleep reaching a peak at 4-6 a.m.; (3) a steady decline throughout the rest of the waking day, with superimposition of variable peaks of cortisol secretion triggered by stress, meals and exercise [16] . Ideal glucocorticoid replacement therapy should mirror the circadian patterns as closely as possible, including the early morning rise in the ACTH and adrenal androgens. To tailor the individual patient's hydrocortisone regimen, multiple measurements of adrenal steroids over a 24-hour period may be useful but only if they were easy to obtain.
To determine the feasibility of DBS as a convenient sample, our study assessed the agreement of 17-OHP and D4A measurements in DBS and serum taken at the same time over the course of 24 h, and if the same clinical decisions would be made based on the results. For 17-OHP (ng/ml) we assigned four categories: ! 10; 10.0-19.99; 20.0-34.99; 6 35.0. Hughes and Winter [8] have shown that values ! 10 ng/ml are not associated with significant elevation of adrenal androgens; 10-19.99 indicates a mild elevation of 17-OHP; 20-34.99 signals a mild to moderate elevation, and 6 35 indicates a moderate to high elevation. Though DBS overestimated corresponding 17-OHP serum levels by a mean of 1.67 ng/ml, we had categorical agreement in 60 out of 61 pairs, suggesting that DBS could be used to identify meaningful aspects of an individual's circadian pattern over a 24-hour period and provide a fuller picture of disease control. In the one instance where categorical agreement between serum and DBS 17-OHP values was not found (28.6 and 7.44 ng/ml, respectively), the difference was substantial and reproducible by repeat analysis of both samples. The next two largest differences were seen at the two highest serum 17-OHP levels of 192 and 82 ng/ml (DBS 254 and 57.8 ng/ml, respectively), though both levels fell into the same agreement category.
The DBS assessment of D4A underestimated corresponding serum levels by a mean of 0.84 ng/ml and was in poor agreement (59%) with correctly identifying low, normal and elevated levels defined by Soldin et al. [15] . However, we did observe that the fluctuation of D4A generally followed a similar secretion pattern as 17-OHP ( fig. 1 , 2 ) , which challenges previous reports that D4A is a more reliable marker to monitor control of CAH 21-OHD because it is less affected by circadian rhythm and is less influenced by individual steroid doses than 17-OHP levels [17, 18] . The nonfluctuation of D4A during the 24-hour observations in these studies was probably the result of oversuppression because, at the time they were conducted (1970s and 80s), standard glucocorticoid doses given to patients were significantly higher. The reason for the discrepancy between steroids determined in DBS and serum samples collected at the same time is uncertain, in particular for those samples that may represent outliers for unknown reasons. Incomplete extraction of steroids from DBS is unlikely given that 17-OHP was generally higher when measured in DBS. Participation in the Centers for Disease Control and Prevention's Newborn Screening Quality Assurance program for steroid analysis by LC-MS/MS in DBS reveals similar performance of the assay used here to those of other laboratories [19] . Nevertheless, steroid analysis in DBS cannot simply replace serum analysis until its robustness has been documented in larger comparative studies and DBS-specific reference ranges have been established. A potential advantage of more frequent measurements of 17-OHP in DBS over a 24-hour period versus single serum measurements was seen in 2 subjects, both of whom had elevated 17-OHP values ( 1 10 ng/ml) in morning measurements (8 a.m.), indicating a nocturnal surge of adrenal steroids ( fig. 1 ). Subject 3 maintained normal afternoon and evening 17-OHP levels on twice-a-day hydrocortisone and subject 6 had elevated midday 17-OHP levels on a 3-times-a-day hydrocortisone regimen (see table 1 ). If the hydrocortisone dose and schedule of these patients were based on only the morning 17-OHP level (8 a.m.), either the morning or evening dose of hydrocortisone would be increased in these patients depending on physician's preference [20] [21] [22] . However, with knowledge of the 17-OHP concentrations at different times of the day, administration of the same hydrocortisone dose later in the evening or an increase in the evening dose of patient 3 could be used to prevent the nocturnal surge. As morning levels are higher in patient 6, and the patient displayed a midday 17-OHP surge, possible changes to the dosing schedule might include giving the midday hydrocortisone earlier and the evening dose later (if the physician preferred not to raise the hydrocortisone dose) or slightly increasing the midday and evening doses or some variation in between.
Monitoring of adrenal steroids using DBS may provide a practical means of assessing the efficacy of replacement therapy over the course of the day. Preparing DBS at home by a finger stick may be acceptable to many patients and would allow for more frequent assessments of their adrenal steroid control, which is of paramount importance in childhood because glucocorticoids have a doseand age-dependent negative effect on linear growth [23] [24] [25] . However, larger studies are needed to further investigate the observed disagreement between DBS and serum steroid levels, to determine specific DBS reference ranges for both 17-OHP and D4A, to evaluate the feasibility of home monitoring, and to prospectively compare the long-term clinical outcome between patients with traditional, cursory measurement of steroids in serum and those obtaining several DBS at home according to a standardized schedule.
